ABSTRACT: Bone disease is an important complication among very low birth weight (VLBW, Ͻ1500 g) infants. In adults, osteoporosis is associated with polymorphisms of vitamin D receptor (VDR), estrogen receptor (ER), and collagen I␣1 (COLIA1) genes. However, limited information is available regarding the role of these polymorphisms in bone disease in premature infants. We have investigated the possible association between bone disease and the allelic polymorphisms of these three genes in 65 VLBW infants. Twenty infants (30.8%) were diagnosed with bone disease based on high activity of bone formation (serum alkaline phosphatase and osteocalcin), bone resorption (urinary excretion of calcium and pyridinium crosslink) markers, and positive radiologic signs. 
T echnical advances and novel treatment modalities in the care of VLBW infants have increased their chance of survival and created new medical diseases such as the bone disease of preterm infants (1) . The definition and name of the disorder affecting bones in premature infants is not clear. Since several pathophysiological conditions may be the cause for the same clinical picture, the nonspecific term "bone disease of premature infants" was suggested (1, 2) . The forms of bone disease include osteomalacia (when the incorporation of minerals into the organic bone matrix is disturbed), osteopenia (decreased amount of bone tissue without radiologic signs and the sign of rickets), and osteoporosis (in pediatrics, history of fractures after minor trauma) (2) . Factors contributing to diminished synthesis or increased resorption of organic bone matrix include inadequate calcium and phosphorus supply, severe systemic disease (e.g. bronchopulmonary dysplasia), side effects of drugs (corticosteroid, diuretics, methylxanthines), and lack of mechanical stimulation (1, 3) . Recently, maternal parity and gender have been described as risk factors for bone disease in preterm infants (4) .
Osteoporosis is a multifactorial skeletal disorder characterized by low bone mass and microarchitectural deterioration of bone tissue occurring due to different environmental, hormonal, nutritional, and genetic factors. Adult twin studies suggested that up to 75% of the variance in bone mass density (BMD) is genetically determined (5) . In adults, association has been found between certain genetic polymorphisms (VDR, ER, and COLIA1) and the occurrence of osteoporosis (6 -8) . Few studies have addressed possible interactions among the different osteoporosis candidate genes (9, 10) . To date, only one study has considered the genetic predisposition to bone mass content (BMC) in premature infants. It was suggested that multiple genes may be involved in the regulation of bone mass during childhood (11) .
We performed a pilot study to analyze the possible association between bone disease in VLBW infants and the three main candidate genes for osteoporosis. Furthermore, an attempt was made to identify fetal and maternal risk factors for developing bone disease, such as gestational age, birth weight, height, gender, CRIB score, Apgar score, maternal parity, and length of hospitalization.
METHODS
Patients. This study included preterm infants with body weight below 1500 g who were born at gestational age Յ31 wk at the Department of Obstetrics and Gynecology, Medical School, University of Pécs, and admitted to our neonatal intensive care unit between February 2002 and March 2004. Written consent was obtained from the parents. Sixty-five infants were enrolled, and 69 were excluded: 16 infants were excluded because they required surgery for a condition unrelated to bone disease, 8 infants because of major congenital abnormalities, 20 infants because they died in the first month of life, and 25 infants because of denial of parental consent. The 65 infants enrolled to our study had mean (Ϯ SEM) birth weight 1113 Ϯ 29 g and gestational age 29 Ϯ 0.3 wk; 30 were girls and 35 were boys. Gestational age was determined from the mother's last menstrual period or ultrasound examination during pregnancy and confirmed by the new Ballard examination (12) .
Based on laboratory and radiologic findings, we divided the infants into two groups: infants with and without bone disease.
With regard to the duration of assisted ventilation and supplemental oxygen therapy, we did not find any significant difference between the two groups. The mean duration of assisted ventilation was 4.8 d in the group with bone disease and 4.0 d in the group without bone disease. The mean duration of oxygen supplementation was 14 d in the bone disease group and 12 d in the comparison group. Three infants in the bone disease group and two in the comparison group received steroid therapy (0.5 mg/kg/d for 10 d) for bronchopulmonary dysplasia. Enteral feeding was generally introduced on the second postnatal day with preterm formula (containing 75 mg calcium, 48 mg phosphorus, 8 mg magnesium per 100 mL) or fortified human milk (calcium, phosphorus, magnesium contents were 81 mg, 49 mg, 5.5 mg per 100 mL, respectively). Supplementary parenteral nutrition was given for about 15 At the ages of 1, 2, 3, 6, and 12 mo, the following analyses were performed. Serum and urine calcium were measured by colorimetric method (Architect analyzer, Abbott Laboratories, Abbott Park, IL). Serum and urine inorganic phosphorus were detected by the ammonium-phosphomolibdate-UV method (Architect analyzer, Abbott Laboratories). Alkaline phosphatase and serum magnesium were analyzed by standard DGKCh (Deutsche Gesellschaft für Klinische Chemie) method (Architect analyzer) and flame atom absorption spectrophotometry (Varian Spectrum AA-20 analyzer, Varian Inc., Mulgrave, Victoria, Australia), respectively. PTH was determined by luminescence strengthened enzyme immunoassay and osteocalcin by chemiluminescence enzyme immunoassay (both with Immulite analyzer, Diagnostics Products, Los Angeles, CA, USA). At the same time, bone resorption was assessed by the measurement of urinary pyridinium crosslink by chemiluminescence enzyme immunoassay (Immulite analyzer, Diagnostics Products) corrected for creatinine concentration, expressed as nmol/mmol creatinine. Urinary creatinine was measured by a kinetic Jaffe method (Abbott Laboratories).
The intra-and interassay coefficients of variation were as follows: serum calcium 0.7% and 0.8%, urine calcium 0.7% and 0.2%, serum inorganic phosphorus 0.5% and 0.8%, urine inorganic phosphorus 1.1% and 0.7%, alkaline phosphatase 0.4% and 2.1%, magnesium 2.0% and 3.6%, PTH 3.9% and 5.4%, osteocalcin 2.8% and 3.5%, urinary pyridinium crosslink 15.0% and 4.7%, and creatinine 1.1% and 0.5%.
Blood and urine samples were collected between 0700 and 1000 h. For infants with bone disease, follow-up x-rays of the chest and wrist (together with the distal portions of associated long bones) were obtained at the ages of 2 and 6 mo. Radiographic diagnoses were based on the Koo score (13) .
Genetic analysis for the polymorphisms of the VDR, ER, and COLIA1 genes was performed using genomic DNA isolated from EDTA-treated peripheral blood.
To determine VDR polymorphisms, PCR was used to amplify the 740 bp region of exon 9, known to contain a constant and a polymorphic TaqI endonuclease site (14) . PCR products were digested with TaqI endonuclease and resolved by agarose gel electrophoresis. Restriction fragment length polymorphisms (RFLP) were coded as follows: TT ϭ homozygotes, absence of the TaqI restriction fragment sites; Tt ϭ heterozygotes; tt ϭ homozygotes, and presence of the polymorphic size.
To identify ER dinucleotide repeat polymorphisms, PCR was performed using oligonucleotide primers designed to amplify the polymorphic (TA) n repeat of the human ER gene at 1174 bp upstream (15) . The number of (TA) n repeats in each amplified products was determined by the comparison of the length of PCR products to the sequence ladder of control DNA.
COLIA1 gene genotype was determined after restriction of endonuclease digestion with BALI (7). The genotype was classified as follows: CC ϭ homozygotes, absence of the restriction site resulting in one fragment 255 bp; Cc ϭ heterozygotes exhibiting fragments of 255 bp, 236 bp, and 19 bp; and cc ϭ homozygotes, presence of the restriction site results in two fragments of 236 bp and 19 bp.
Ethics The study was approved by the Regional Research Ethics Committee of the Medical School of Pécs. Written consent was obtained from parents.
Statistical analyses. Unpaired t test (for birth weight and height, CRIB score, parity, and the duration of hospitalization) and 2 test (for gender, Apgar score at 1 and 5 min) were used to determine differences in demographic and clinical characteristics between infants with and without bone disease. The t test was applied only after normal distribution of the data were confirmed by Kolgomorov-Smirnov test and homoscedasity verified by F test.
Multivariate analyses were carried out by logistic regression analysis to investigate the influence of genetic polymorphisms and clinical risk factors on development of bone disease. Forward stepwise logistic regression analysis was applied to determine the set of independent clinical and genetic risk factors.
Statistical analysis was performed by Statistical Package for Social Sciences (SPSS 12.0 for Windows; SPSS Inc., Chicago, IL). Demographic, clinical data, and biochemical parameters are expressed as mean values Ϯ SEM. Values of p Ͻ 0.05 (two-tailed) were considered statistically significant.
RESULTS
Bone disease was diagnosed in 20 out of 65 VLBW infants (30.8%) based on serum alkaline phosphatase, osteocalcin, PTH, urinary pyridinium crosslink, and calcium excretion. Radiologic signs were present in all cases except for two twin pairs, who all had unambiguously abnormal biochemical parameters. Radiologic abnormalities were generally noted in the second month postnatally; improvement in radiologic signs was generally observed at the age of 6 mo. Radiologic abnormalities were grade 1 or 2 on the Koo score (13) (Fig. 2) . The differences in the urinary pyridinoline crosslink levels, marker of bone resorption, were the most striking at ages of 2, 3, and 6 mo (68.7 Ϯ 5.8 versus 48.7 Ϯ 1.9 nmol/mmol creatinine, p Ͻ 0.001; 64.08 Ϯ 4.5 versus 44.6 (Fig. 3) . We detected significantly higher urinary calcium excretion (expressed as mmol/mmol creatinine) at ages of 2, 3, 6, and 12 mo in infants with bone disease (2.7 Ϯ 0.5 versus 1. (Fig. 4) . PTH levels were significantly higher in the bone disease group at ages of 6 (3.1 Ϯ 0.6 versus 1.5 Ϯ 0.1 mM, p Ͻ 0.001) and 12 mo (2.3 Ϯ 0.3 versus 1.5 Ϯ 0.1 mM, p Ͻ 0.01). There was no significant difference between groups in serum calcium and magnesium levels.
Clinical risk factors. Investigating the influence of gestational age, birth weight, birth height, gender, CRIB score (a marker of illness severity), duration of hospitalization, 1 min and 5 min Apgar scores, and maternal parity as possible clinical risk factors, only male gender (p Ͻ 0.001), high CRIB score (p Ͻ 0.05) and high maternal parity (p Ͻ 0.05) were found to correlate with bone disease (Table 1) . In a multivariate analysis, only male gender was found to be a significant independent risk factor [odds ratio (OR): 0.04, 95% confidence interval (CI): 0.01-0.26, p Ͻ 0.001) ( Table 1) .
Genetic factors. The genotypic distribution of (TA) n dinucleotide repeat polymorphism in the first exon upstream of the ESR1 gene, the TaqI polymorphism in the exon of the VDR gene as well as G-to-T polymorphism in the first intron of the COLIA1 gene in 65 VLBW infants are shown in Table 2 . Examining the distribution of the VDR gene and COLIA1 gene polymorphisms separately, we could not observe any significant difference (Table 2 ). However, a statistically significant correlation between (TA) n repeat allelic variant and bone disease was observed. According to the distribution pattern of (TA) n alleles, we divided the infants into three groups: i) group HoH, including homozygous alleles with a high number of (TA) n repeats [(TA) n Ͼ 18]; ii) group HeHL, including heterozygous alleles with a high and a low number of (TA) n repeats; and iii) group HoL, including homozygous alleles with low numbers of (TA) n repeats [(TA) n Ͻ 19]. Infants in the HoL group suffered significantly more often from bone disease (p Ͻ 0.01). In contrast, infants with a high number of (TA) n repeats in both alleles were protected against bone disorder (p Ͻ 0.01) ( Table 3 ). Using a logistic regression forward stepwise analysis, this correlation between bone disease and HoH group members was shown to remain significant (p ϭ 0.006) ( Table 4) .
To analyze the combined influence of polymorphisms in these three candidate genes in determining bone disease, we performed a logistic regression analysis. The genotype combinations found most commonly are listed in Table 5 . We observed significant interaction (p Ͻ 0.05) between VDR and COLIA1 genotype effects. The common occurrence of the heterozygote Tt RFLP of the VDR gene and CC polymorphism of the COLIA1 gene was a protective factor with regard to developing bone disease (OR: 0.2, 95% CI: 0.06 -0.69) ( Table 5 ). Logistic regression forward stepwise analysis revealed this interaction as an independent factor in developing bone disease.
The association of the above-mentioned Tt or CC polymorphism with homozygous carriers of a high number of (TA) n repeats (HoH allele) was found to be overrepresented in infants without bone disease (p Ͻ 0.05). In spite of this, the association of Cc polymorphism with homozygous carriers of a low numbers of (TA) n repeats (HoL allele) was correlated with bone disease (p ϭ 0.01) ( Table 5) .
Investigating clinical and genetic risk factors using multivariate analysis, male gender and the (TA) n polymorphism of the ER gene remained as risk factors (p Ͻ 0.01) ( Table 6 ).
DISCUSSION
With a better survival rate of VLBW infants, the importance of investigating the organic and functional abnormalities of the children surviving has been increasing. The analysis of risk factors for one of these abnormalities, bone disease, is of special significance for two reasons: 1) osteoporosis in later life is a public health challenge, and 2) a better understanding of the natural course of bone abnormalities would result in preventive measurements and provide a base for accurate prognosis.
This study was conducted primarily to investigate the influence of genetic factors on bone disease in prematurely born infants. The results of our study indicate that bone disease in preterm infants is associated with certain genetic factors, namely the (TA) n polymorphism of the ER␣ gene and the locus interaction between VDR and COLIA1 genes, which may influence the development of bone disease.
As others have, we used alteration of biochemical markers, for bone formation (ALP, osteocalcin) and bone resorption (urinary pyridinoline crosslink, calcium excretion) to assess increased bone turnover (4,16 -18) . In addition, radiologic signs were used, with recognition that they are not visible until bone mineralization is reduced by at least 20% (19) . In our study, 20 infants (30.8%) were diagnosed with bone disease. This rate is in agreement with the reported incidence of bone disease in VLBW infants (20, 21) .
Due to the diverse gestational ages at birth, infants with different degrees of maturation were studied at the same time intervals. It might have been preferable to study the subjects at corrected postnatal ages. However, using univariate and multivariate analysis, no significant difference in gestational age could be detected between infants with and without bone disease (Table 1) ; therefore, we suggest that gestational age did not significantly influence our results.
As far as we know, this is the first study in premature infants showing that subjects with low numbers of (TA) n repeats suffer more often from osteopenia and osteoporosis and have higher levels of urinary pyridinium crosslink levels than those with other genotypes. Similar observations have been made in adults (15, 22, 23) . The influence of the variability of the laboratory method regarding pyridinium crosslink excretion cannot be completely excluded because of the intraassay variability of 15%. With regard to the fact that the pyridinium crosslink findings are in concordance with the consequences drawn from other bone resorption and bone formation results, we think that this biochemical parameter reflects accurately bone resorption. The molecular mechanisms responsible for our observation are not yet known.
(TA) n polymorphism may directly affect gene expression through transcription regulation or may be linked with other exonic polymorphisms regulating ESR1 protein function directly. At least three different promoters have been identified in the ESR1 gene (24, 25) . The different (TA) n dinucleotide region lies between promoter A and B. It is possible that the different length of this polymorphism might have physiologic relevance by affecting promoter usage.
Furthermore, our results indicate that boys are more likely to be affected with bone disease than girls. This may be related to the observation that the estrogen level in VLBW preterm boys is lower than in girls (26, 27) . In adults, common allelic variants of ESR1 gene are related to variation in responsiveness to estrogen. It has been proposed that compensatory hyperestrogenism can regulate this relative resistance and may be disturbed in menopause, leading to osteoporosis (28) . Thus, lower estrogen levels may predispose boys to bone disorders. Further studies are needed to examine estrogen levels in VLBW infants in association with ESR1 polymorphisms.
The locus interaction between VDR and COLIA1 genes observed by logistic regression analysis is worthy of discussion. Few studies have addressed the interaction between the different osteoporosis candidate genes. An interaction between VDR and COLIA1 gene as well as an association between VDR and ESR1 gene may play a role at least in print in the pathogenesis of fractures (10, 29) . Examining the VDR and COLIA1 genotypes separately, we found no significant difference in genotype distribution between infants with and without bone disease.
The study of a larger number of infants would increase the prospect of finding further associations between genotype and bone disorder in premature infants.
However, we observed a significant association between VDR and COLIA1 genotype. The common occurrence of CC genotype (absence of the thymine allele) of the COLIA1 gene and Tt genotype (heterozygotes) of the VDR gene protected the infants from developing bone disease. VDR is a steroid transcription factor and regulates the expression of the CO-LIA1 gene (30, 31) . Genetic variations in the VDR gene can be expected to influence the effects of COLIA1 gene polymorphisms in regard to bone disease.
In conclusion, this study shows that the development of bone disease in VLBW infants is related to clinical factors such as gender and gestational age.
We have demonstrated an association in VLBW infants between bone disease and certain genetic factors. The (TA) n polymorphism of the ER␣ gene determines the development of bone disease. The locus interaction between the VDR and COLIA1 genes may play an important part in the protection of preterm infants from bone disease.
However, it must be kept in mind that the small sample size of this study limits the statistical power of our observations. Further investigations are needed to look for additional associations between genetic polymorphisms and bone disease in premature infants. 
